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Designing properly the nozzle and the lower aft end of a generic hypersonic vehicle powered
by a scramjet engine is important in order to produce an effective propulsion. The interference
of the exhaust on the control surfaces of the vehicle can have adverse effect on its stability.
With this impetus and as a first step towards the design process, a comprehensive CFD effort
has been conducted from 1987 to 1990 with the support of NASA Grant NAG-I-811.
The geometry of a wind tunnel model, which had been built for similar purposes, has been
adopted in order to facilitate the necessary CFD code validation with the experimental results.
Internal and external portions of the nozzle were included in the computational domain. All
the calculations have assumed cold exhaust gases as have the wind tunnel tests. Also, the
thermodynamic similitude has been maintained in one set of computations by using a cold gas
mixture, which has a specific heat ratio ('7) equal to that of the hot exhaust gas.
Initially, two-dimensional Navier-Stokes computations have been performed, where the
exhaust gas has been assumed to be air behaving as a perfect gas. Then, the exhaust gas
was simulated by a mixture of Freon-12 and Argon, which required solving the Navier-Stokes
2equationsfor four species(Nitrogen, Oxygen, Freon-12,Argon). This has allowed 7 to be
a field variable during the mixing of the multispeciesgases,which have been assumedto
be only thermally perfect with frozen chemistry. Two different mixing models have been
used and comparisonsbetween them as well as the perfect gas air calculations have been
madeto assesstheir relative merits. Finally, the three-dimensionalNavier-Stokescomputations
were madefor the full-span scramjet-nozzle-afterbodymodule. The computationalresultshave
beensuccessfullycomparedwith the wind tunnel data for the surfacepressures(2-D air, 2-D
multispecies,and 3-D air flows) and thepitot pressuresof the off-surfaceflow (3-D airflow).
Details of the CFD methodsand the resultsof the study have beenpresentedin various
national and international conferencesas well as through the NASA briefings. The written
versionsof thesepresentationshavebeenpublishedin nationaljournals, conferenceproceedings
andpamphlets,andasacontractorreport. Their list isgivenbelow. TwoNavier-Stokescodesand
a flow-adaptivegrid generationcode,which havebeendevelopedfor this project, areavailable
for interestedusers.Also, two masterof sciencetheseshave beenproducedbasedon this study
and the partial contentsof a Ph.D. dissertation,which is in preparation,will include someof
the results.
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ABSTRACT
A computational investigation is conducted to "study the expansion of a super-
sonic air flow through an internal-external nozzle and its mixing with a hypersonic
air flow. The impetus is to help the design of the nozzle-afterbody section of a hyper-
sonic transport vehicle which is powered by a scram jet engine. Three-dimensional
compressible Navier-Stokes equations are solved by the finite-volume and alternating-
direction-implicit method. The convective and the pressure terms are differenced by
an upwind-biased algorithm which uses the flux-difference splitting and various flux
limiters. The Reynolds stresses are modeled algebraically. The simulated flowfield
also allows detailed analyses of a supersonic duct flow, a supersonic flow through
an asymmetric internal nor-le, a hypersonic flow over a double-corner, and three-
dimensional shear layers. The computed pressure distributions compare favorably
with the experimentally obtained surface and off-surface flow surveys.
INTRODUCTION
Propulsion-airframe integration for hypersonic alrbreathing vehicles is an impor-
taht feature for the design of a national aero-space plane configuration. The lower
afterbody expands the supersonic exhaust gases from the scramjet engine, therefore
it becomes a part of the nozzle. This strong coupling between the engine and the
airframe necessitates a combined analysis of internal and external flows. The hyper-
sonic freestream and the supersonic exhaust flow mix through a shear layer, where
mass, momentum, and energy transfers occur. The interference of the exhaust on the
control surfaces of the aircraft can have adverse effects on the stability of the air-
craft. Therefore, some method of simulating this type of flow is required to properly
design the nozzle and the afterbody region.
A simplified configuration is assumed to model the single-module scramjet nozzle
and afterbody. A rectangular duct precedes the internal nozzle, which has a 12" upper
surface and a 20* lower surface. The external part of the nozzle is bounded by a
20* ramp and a vertical reflection plate. The external hypersonic flow is initially
over a double-corner formed by the reflection plate, the top surface of the nozzle,
the exterior of the nozzle sidewall, and a side flat plate. The viscous effects become
dominant in all the corner regions. Then both of the flows expand over the 20* ramp.
The supersonic jet expands in the axial, the normal, and the spanwise directions as
it clears the exit plane. A three dimensional shear layer structure is formed between
these coflowing streams which are at different speeds.
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Designing properly the nozzle and the lower aft end of a generic hypersonic vehicle powered
by a scramjet engine is important in order to produce an effective propulsion. The interference
of the exhaust on the control surfaces of the vehicle can have adverse effect on its stability.
With this impetus and as a first step towards the design process, a comprehensive CFD effort
has been conducted from 1987 to 1990 with the support of NASA Grant NAG-I-811.
The geometry of a wind tunnel model, which had been built for similar purposes, has been
adopted in order to facilitate the necessary CFD code validation with the experimental results.
Internal and external portions of the nozzle were included in the computational domain. All
the calculations have assumed cold exhaust gases as have the wind tunnel tests. Also, the
thermodynamic similitude has been maintained in one set of computations by using a cold gas
mixture, which has a specific heat ratio ('r) equal to that of the hot exhaust gas.
Initially, two-dimensional Navier-Stokes computations have been performed, where the
exhaust gas has been assumed to be air behaving as a perfect gas. Then, the exhaust gas
was simulated by a mixture of Freon-12 and Argon, which required solving the Navier-Stokes
2equationsfor four species(Nitrogen, Oxygen, Freon-12,Argon). This has allowed 7 to be
a field variable during the mixing of the multispecies gases, which have been assumed to
be only thermally perfect with frozen chemistry. Two different mixing models have been
used and comparisons between them as well as the perfect gas air calculations have been
made to assess their relative merits. Finally, the three-dimensional Navier-Stokes computations
were made for the full-span scramjet-nozzle-afterbody module. The computational results have
been successfully compared with the wind tunnel data for the surface pressures (2-D air, 2-D
multispecies, and 3-D air flows) and the pitot pressures of the off-surface flow (3-D airflow).
Details of the CFD methods and the results of the study have been presented in various
national and international conferences as well as through the NASA briefings. The written
versions of these presentations have been published in national journals, conference proceedings
and pamphlets, and as a contractor report. Their list is given below. Two Navier-Stokes codes and
a flow-adaptive grid generation code, which have been developed for this project, are available
for interested users. Also, two master of science theses have been produced based on this study
and the partial contents of a Ph.D. dissertation, which is in preparation, will include some of
the results.
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ABSTRACT
A computational investigation is conducted to "study the expansion of a super-
sonic air flow through an internal-external nozzle and its mixing with a hypersonic
air flow. The impetus is to help the design of the nozzle-afterbody section of a hyper-
sonic transport vehicle which is powered by a scramjet engine. Three-dimensional
compressible Navier-Stokes equations are solved by the finite-volume and alterna/'ing-
direction-implicit method. The convective and the pressure terms are differenced by
an upwind-biased algorithm which uses the flux-difference splitting and various flux
limiters. The Reynolds stresses are modeled algebraically. The simulated flowfield
also allows detailed analyses of a supersonic duct flow, a supersonic flow through
an asymmetric internal nor-le, a hypersonic flow over a double-corner, and three-
dimensional shear layers. The computed pressure distributions compare favorably
with the experimentally obtained surface and off-surface flow surveys.
INTRODUCTION
Propulsion-airframe integration for hypersonic airbreathing vehicles is an impor-
taht feature for the design of a national aero-space plane configuration. The lower
afterbody expands the supersonic exhaust gases from the scramjet engine, therefore
it becomes a part of the nozzle. This strong coupling between the engine and the
airframe necessitates a combined analysis of internal and external flows. The hyper-
sonic freestream and the supersonic exhaust flow mix through a shear layer, where
mass, momentum, and energy transfers occur. The interference of the exhaust on the
control surfaces of the aircraft can have adverse effects on the stability of the air-
craft. Therefore, some method of simulating this type of flow is required to properly
design the nozzle and the afterbody region.
A simplified configuration is assumed to model the single-module scramjet nozzle
and afterbody. A rectangular duct precedes the internal nozzle, which has a 12" upper
surface and a 20* lower surface. The external part of the nozzle is bounded by a
20* ramp and a vertical reflection plate. The external hypersonic flow is initially
over a double-corner formed by the reflection plate, the top surface of the nozzle,
the exterior of the nozzle sidewall, and a side flat plate. The viscous effects become
dominant in all the corner regions. Then both of the flows expand over the 20* ramp.
The supersonic jet expands in the axial, the normal, and the spanwise directions as
it clears the exit plane. A three dimensional shear layer structure is formed between
these coflowing streams which are at different speeds.
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